(2). All attempts to prepare the rhodium analog of 2 failed and led to spontaneous formation of 7. The thermodynamic differences are readily explained by a lower stability of the M I oxidation state for iridium as compared to rhodium. The observed reductive double deprotonation leads to the formation of unusual structures and unexpected reactivity, which underlines the general importance of 'redox noninnocent ligands' and their substantial effect on the electronic structure of transition metals.
Closely related cooperative reduction of dioxygen can be effectively catalyzed by dinuclear amidorhodium complexes. 4 Additionally, these types of systems are able to promote interesting reactions such as amido transfer to alkenes and vinylarenes, 5 cycloaddition reactions associated with C N bond formation, 6 and C Cl 7 and C H 8 bond activation reactions. In other instances, related dinuclear complexes 9 have been used as precursors for low-valent late transition metal imido-clusters. 10 Our understanding of the redox-properties of the 'Rh NR 2 ' framework is however still in its infancy, and therefore the outcome of electron transfer reactions is quite unpredictable. Nonetheless, a rich chemistry can be envisaged from both metal-centred 11 and ligand-centred oxidations. 12, 13 This revealed among others the 'redox non-innocence' of the amido ligand, and the resulting aminyl radical ligands show interesting bond activations by radical hydrogen abstraction.
14 3
We have previously investigated in detail the effect of one-electron oxidation of ethylene 15 and 1,5-cyclooctadiene 16 (cod) iridium complexes, and some of these investigations clearly revealed the 'redox non-innocence' of the bis (2-picolyl) [6] . Inspired by the deprotonation results of the iridium complexes, and motivated by the interesting literature precedents concerning amido ligand cooperativity in rhodium-mediated hydrogenation catalysis and the redox non-innocence of rhodium-amido complexes revealing intriguing atom abstraction reactions, we decided to investigate the deprotonation of the cationic [Rh(bpa)(cod)] + complex. 21 We aimed at preparing the neutral rhodium amido complex [Rh(bpa H)(cod)] (5 in Scheme 1) to investigate its reactivity. However, quite unexpectedly, it turned out that a cooperative reductive double deprotonation process rendering a mixed-valence dinuclear complex takes place. The reason behind this unusual behaviour and the unexpected results are the topics of this paper.
Results and Discussion
Cooperative In several other experiments, using 1 equivalent of the base, we always obtained the same result.
Treatment of [4] + with 2 equivalents of the base, however, produced readily and in a quantitative way Sequential acid deprotonation and base protonation generally becomes increasingly difficult after each step as a result of charge accumulation (K a1 > K a2 ), and the reverse behaviour (K a1 < K a2 ) associated with cooperative (de)protonation is rare. Some examples of increased amine basicity of macrocyclic proton receptors after the first protonation have been explained by conformational rearrangements 6 enforcing hydrogen bonding and/or by the encapsulation of mediating water molecules. 22 Apart from these clear examples, a few less-defined examples of (mononuclear) metal-ion induced cooperative deprotonation and coordination of peptide-based ligands in water have been reported, but the cooperativity was not explained. 23 Chelation (i.e. bringing the fragments closer to the metal) and solvation must have played an important role in these observations. 24 We are not aware of any examples of cooperative deprotonation sequences of coordinated ligands (mononuclear complexes).
In a similar way, reaction of [{Rh(cod)( -OMe)} 2 ] with bpa (in 1:2 molar ratio) again produces the neutral [(cod)Rh(bpa 2H)Rh(cod)] (7) and free bpa without evidence of mononuclear [Rh(bpa H)(cod)]. According to the stoichiometry of the reaction, complex 7 was cleanly prepared by reacting [{Rh(cod)( -OMe)} 2 ] and bpa (1:1 molar ratio) in diethyl ether. From these solutions complex 7 was isolated as dark red microcrystals suitable for X-ray diffraction studies.
Molecular structure of [(cod)Rh(bpa 2H)Rh(cod)] (7)
. The molecular structure of 7 is shown in Figure 1 along with the labelling scheme used. Selected bond distances and angles are collected in Table   1 . [a] Ct1, Ct2, Ct3, Ct4 and Ct5 are the middle points between C13 and C14, C17 and C18, C21 and C22, C25 and C26, and C6 and N2, respectively.
The {bpa 2H} ligand in 7 acts as a hetero-dicompartmental ligand, hosting the two 'Rh(cod)' fragments in two distinct compartments. The first compartment functions as a heterobidentate N,N'-ligand consisting of one of the Py donors and the central amido nitrogen (N2), thus hosting a Rh(cod) fragment (Rh1). The coordination geometry around Rh1 is clearly square planar, with only a small twist (5.7(2)º) of the planes defined by N1 Rh1 N2 and Ct1 Rh1 Ct2 (Figure 1) Therefore, N2 and C6 can be described as sp 2 -hybridized atoms, pointing to a relatively strong imine character of the C6-N2 bond. In fact, a relatively short C6 N2 bond length (1.415(4) Å) is observed.
Although the C=N bond distance in aromatic free imines lies in the range 1.25-1.33 Å, this distance should be enlarged by the -coordination to rhodium.
In this perspective, the 'imine' is -coordinated to Rh2, and as such, the geometry around this 'fourcoordinate' Rh2 centre is perhaps best described as distorted tetrahedral. The dihedral angle between the Ct5-Rh2-N3 and Ct3-Rh2-Ct4 planes (56.5 (2) The structural data suggest that resonance structure 7 A (Scheme 4) contributes substantially to the electronic structure of 7. 26 Nevertheless, a second resonance structure with a Rh I ion being part of a rhoda(I)-aza-cyclopropane ring (7 B , Scheme 4), cannot be completely neglected Scheme 4. Contributing resonance structures of complex 7. It should be indicated that late transition metal complexes with a 2 -C=N bonded moiety are very scarce and that they are systematically described as metalla-aza-cyclopropanes (7 B , Scheme 4) in complexes of palladium 27 and iridium. 28 The single related precedent in rhodium chemistry corresponds to the complex [Rh(CH 2 Ntrop 2 )(PR 3 )] (HNtrop 2 = bis(tropylidenyl)amine, R = Ph) described by Grützmacher, 29 of which the structural parameters point to a rhoda-aza-cyclopropane rather than a 2 -iminium ion bound to a reduced metal. In addition, related two-electron mixed-valence complexes M(0,II) 30 have been synthesized using special ligands capable of stabilizing redox asymmetric environments as developed by Nocera et al. 31 Some of them show interesting new mechanisms in hydrogenation reactions, 32 C H activation reactions, 33 and are photoactive in hydrogen production.
34
Very recently, an unusual Rh( I,III) complex has been reported. 35 
NMR spectra of [(cod)Rh(bpa 2H)Rh(cod)] (7)
. The unusual structure of 7 is maintained in solution according to multinuclear NMR spectra. Figure 3 shows the 1 H NMR spectrum of 7 in C 6 D 6 , while a selected region of the 13 C{ 1 H} NMR spectrum is included in the inset. The methylene protons from the intact CH 2 group give rise to an AB spin system centred at 4.18 ppm, while the proton from the imine (HC=N) produces a singlet at 4.32 ppm. (2) give two relevant nOe cross-peaks with the pyridine A 1 and B 4 protons. Therefore, cod (2) is coordinated to the 'tetrahedral' Rh2 atom. Accordingly, the olefinic protons of the unsymmetrical cod(1) ligand give rise to the corresponding nOe cross-peaks with the B 1 proton, and with A 4 with smaller intensity, so that cod (1) is coordinated to the square-planar Rh1 atom.
The fluxional behavior undergone by cod(2) requires some comments. Apparently, the exchange can be described as the rotation of this cod ligand around the rhodium atom. Moreover, the observation of this fluxional process, which cannot be frozen even on cooling to -80 ºC in toluene-d 8 , indicates that it possesses a low energy barrier. The fast rotation of cod (2) around the Rh2 center is in good agreement with the 'tetrahedral' geometry of this metal. For most square-planar d 8 Rh I complexes this is a much higher-energy process. 36 In the Rh ratio produces the hetero-dinuclear Rh,Ir complex 9 in a more selective manner. Detailed NMR spectroscopic information for these complexes is given in the Experimental Section. The X-ray geometry and the bond lengths of 7 and 8 are very similar (Table 1) .
For the Rh,Ir compound 9, 13 it is actually observed downfield relative to 7 ( = 93 ppm). This behaviour seems to be temperature dependent, but presently we do not entirely understand it. It seems that compound 9 is involved in a fluxional behaviour, which we are currently investigating.
Electronic structures and thermodynamic stability of amido complexes [M(bpa H)(cod)] (M =
Rh, Ir). Since the dinuclear compounds 7-9 are all isolable and stable compounds, we still wondered why the rhodium amido complex [Rh(bpa H)(cod)] (5) spontaneously disproportionates to free bpa and the dinuclear complex [(cod)Rh(bpa 2H)Rh(cod)] (7). Are the species 2 and 5 both intrinsically unstable with respect to disproportionation to 8/7 and free bpa with a kinetic barrier preventing this reaction to occur for the iridium species? Or is formation of rhodium species 7 from 5 thermodynamically favoured while formation of 8 from 2 is unfavourable? We tried to answer these questions through a set of additional experiments and DFT calculations.
We first calculated the properties of the elusive compound [Rh(bpa H)(cod)] (5) with DFT, in order to compare its structure and its frontier orbitals with those of the iridium analogue 2. These calculations do not reveal any unusual geometrical differences between 2 and 5, which are almost completely isostructural, and also the frontier orbitals of these species are nearly identical. Since the filled p-type amido lone pair of the ligand must interact with the filled metal d -orbitals of the d 8 -transition metals, this unfavourable interaction could be considered as a -conflict, 19a,39 which could in principle destabilize rhodium complex 5 stronger than iridium complex 2. However, for both species this repulsive interaction is counterbalanced by an increased -back-donation from the metal into the * orbital of the cod double bond trans to the amido fragment, thus resulting in some bonding character of the resulting HOMO. The overall effect is then a net -bonding between rhodium or iridium and the amido fragment (Figure 4 ).
Back-donation is generally stronger for iridium than for rhodium, which might in part explain the increased stability of iridium complex 2 compared with that of rhodium complex 5. This is confirmed by the large upfield shifts of the olefinic carbons trans to the amido fragment in 2. The DFT calculations
show that the dominating differences between 2 and 5 are mainly reflecting the stronger -interactions of the M N bonds in 2 (Ir) compared to 5 (Rh), which could contribute to the relative stability of 2. Because the metal in the imine compartment is best described being in the I oxidation state (vide supra), the reaction in Scheme 6 is in fact an oxidative process in which one of the iridium atoms is being oxidized from Ir I to Ir I . Since it is well know that the tendency to undergo oxidative processes is generally higher for the third row transition metals as compared to the second row transition metals, it is understandable that the equilibrium in Scheme 6 lies to the right for iridium while the corresponding equilibrium for the analogous rhodium complexes lies to the left. This provides a straightforward explanation for the fact that the amido rhodium complex 5 cannot be prepared, while the iridium analogue 2 is a stable compound. 40 It is clear that the amido rhodium complex 5 is thermodynamically unstable towards disproportionation, and readily forms the dinuclear complex 7 and the free bpa ligand.
The thermodynamic differences are readily explained by a higher stability of the M I oxidation state in the dinuclear complexes for rhodium as compared to iridium. DFT calculations in the gas phase are in good qualitative agreement with these experimental observations (see Scheme 6) . Therefore, the two Table 2 . clearly reflect a sp 2 -hybridization for the N2 and C6 atoms. In addition, the N1 C5 and N2 C6 distances are ca. 0.15 Å shorter than C5 C6, pointing to a single bond between the carbon atoms and some multiple bond character for both C N bonds. [a] Ct1 and Ct2 are the middle points between C13 and C14 and C17 and C18, respectively. In brackets the data for the second independent molecule.
The formation and isolation of the rhodium carboxamido compound 10 is in sharp contrast with the thermodynamic instability of the (structurally and electronically similar) amido complex 5.
Delocalization of the lone pair of N2 to the adjacent carbonyl (partly removing its -interactions with the filled metal-d -orbitals) and the inability of 10 to host another metal atom are the most likely explanations for this different behavior. After stirring for 15 min, the resulting dark-red/brown solution was concentrated to ca. 7 mL, layered with pentane (10 mL), and left in the fridge (4 ºC) overnight. The mother liquor was decanted, and the solid was washed with pentane (2 x 5mL), and vacuum-dried. Yield: 147.1 mg (77%). Crystals suitable for X-ray diffraction resulted by layering with hexane the ethereal red-brown solution mentioned above. 
